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Mini Abstract
Vertebral rotation is an important feature of spinal deformity in idiopathic scoliosis. A 
biomechanical analysis was performed to calculate gravity-induced torques and intravertebral 
(within the bone) rotations for a group of eight patients. Torques of up to 7.5Nm acted on 
scoliotic spines in the standing position, and these torques accounted for 76% of the 
variability in intravertebral rotations within the thoracic spine.
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Abstract
Study Design: Biomechanical analysis. Objectives: To investigate the relationship between 
gravity-induced torques acting on the scoliotic spine and rotation within the vertebrae.
Summary of Background Data: Vertebral rotation is an important aspect of spinal deformity 
in idiopathic scoliosis, associated with ribcage asymmetry. Although both lateral curvature 
and rotation appear to increase together in progressive scoliosis, the mechanisms driving 
vertebral rotation are not clearly established and it is not known whether lateral curvature 
precedes rotation, or vice versa. Methods: Three dimensional spinal curvature was measured 
for a small group of idiopathic scoliosis patients using standing radiographs, and equations of 
static equilibrium were used to calculate gravity-induced torque profiles along the length of 
each spine due to head, neck and torso weight. Vertebral rotations were then measured for the 
same patients using Aaro & Dahlborn’s technique with reformatted computed tomography 
images. The gravity-induced torque curves were compared with rotation measurements to see
whether gravity-induced torque is a likely contributor to intravertebral rotation in scoliosis.
Results: Gravity-induced torques as high as 7.5Nm act on the spines of idiopathic scoliosis 
patients due to body weight in the standing position, and maximum intravertebral rotations 
(for a single vertebra) are approximately 4. There is a statistically significant relationship
between gravity-induced torque and intravertebral rotation in the scoliotic spine.
Conclusions: Gravity-induced torque is a likely cause of intravertebral rotation in progressive 
idiopathic scoliosis. Since the spine must be curved in three-dimensions (out of plane) to 
produce such torques, vertebral rotation would be expected to occur subsequent to an initial 
lateral deviation, suggesting that lateral curvature precedes vertebral rotation in progressive 
idiopathic scoliosis.
Keywords
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Key Points
1. Vertebral rotation is an important aspect of spinal deformity in idiopathic scoliosis, 
associated with ribcage asymmetry
2. Gravitational forces acting on a curved spinal column generate torque about the axis 
of the column which can be calculated using equations of static equilibrium
3. This study compared gravity-induced torques with measured intravertebral rotations 
for a group of idiopathic scoliosis patients
4. Gravity-induced torques accounted for 76% of the variability in intravertebral 
rotations between thoracic vertebral levels
5. Gravity-induced torque is a potential cause of vertebral rotation in idiopathic scoliosis
Key Points (3-5 main points of the article)
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1
Introduction1
Vertebral rotation is an important aspect of the deformity in idiopathic scoliosis, associated 2
with ribcage asymmetry which can lead to reduced respiratory capacity and the presence of a 3
cosmetically disfiguring ‘rib hump’. For these reasons, correction of vertebral rotation is a 4
goal of idiopathic scoliosis surgery1.5
6
Although both lateral curvature and rotation appear to increase together in progressive 7
scoliosis, the mechanisms driving vertebral rotation are not clearly established and it is not 8
known whether lateral curvature precedes rotation, or vice versa2. Furthermore, there is no 9
clear consensus regarding the location of the initial geometry perturbation in scoliosis3, with 10
some researchers suggesting that it occurs in the transverse plane4-6 and others arguing that 11
front-back asymmetry is the primary driving factor in progressive idiopathic scoliosis, 12
whereby anterior overgrowth causes the spine to buckle sideways7.13
14
Whatever factors cause the initial geometric perturbation in idiopathic scoliosis, the 15
progression of the deformity is strongly influenced by biomechanical considerations8. For this 16
reason, the mechanics of vertebral rotation in scoliosis have been investigated using17
computational modelling approaches9-12. While some of these studies have been able to 18
produce vertebral rotation under simulated scoliotic growth, none have included intravertebral 19
(within the bone) rotation, and none explicitly mention the role of body weight forces in 20
producing torsional moments (hereafter referred to as torques) about the scoliotic spine.21
22
Recent studies using computed tomography (CT) or magnetic resonance (MR) imaging allow23
detailed measurement of vertebral rotation not possible with standard radiographs (Figure 1). 24
In the transverse plane, vertebral rotation and ribcage asymmetry both occur in the region of 25
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the coronal curve. The overall vertebral rotation is toward the convex side of the curve, yet 26
local counter-rotation of the vertebral body in the opposite direction has been observed by 27
various authors7,13 as shown in Figure 1. Using MR imaging, Birchall et al14 found that the 28
most axially rotated vertebrae occurred at the coronal apex of the curve, and also that the 29
largest intravertebral (within the bone) and intervertebral (within the disc) rotations occurred 30
towards the ends of the curve, with smaller relative rotations at the apex. Acaroglu et al1531
found that the coronal apex and the transverse apex (most rotated vertebra) coincided for only 32
10 out of 33 structural curves however, with the most rotated vertebra occurring as far as two 33
levels from the coronal apex in some cases.34
35
To the best of our knowledge, previous studies have not explicitly identified the concept of 36
gravity-induced torque or attempted to quantify the role which it may play in producing 37
vertebral rotation. This study investigates the hypothesis that vertebral rotation in idiopathic 38
scoliosis is caused by growth in the presence of gravity-induced torques, the twisting 39
moments generated by body weight forces acting on the scoliotic spine.40
41
Theory42
Consider a column-like structure subjected to a compressive force as shown in Figure 2. If the 43
structure is of simple geometry (eg a cylinder or prismatic bar as in Figure 2a) then the stress 44
in the structure will be simple and uniform throughout. If the column-like structure is curved 45
in one plane only (Figure 2b), the compressive load will induce bending moments in the plane 46
of the curvature, and the stress at any cross-section through the column will comprise the sum 47
of both pure compressive and bending components. Note that this case (in-plane curvature) is 48
analogous to the geometry of the healthy spine with its thoracic kyphosis and lumbar lordosis 49
in the sagittal plane. In the most general case however (Figure 2c), the column may be curved 50
Gravity-induced torque and intravertebral rotation in scoliosis
3
in three dimensions, such that its curvature does not lie in any one plane. We refer to this case 51
as out-of-plane curvature.52
53
For out-of-plane curvature, the compressive load will induce bending components in 54
orthogonal reference planes, but a torque is also induced which tends to twist the column 55
about its own axis. This torque occurs because the applied compressive force and the 56
tangential axis to the column at an arbitrary location are no longer necessarily in the same 57
plane. The action of the torque may be thought of as the same effect which occurs in a coil 58
spring, whereby compression of the coil causes twisting of its cross-section. Asher & Burton1659
have previously noted the helical nature of the scoliotic spine.60
61
In some cases, a column may appear to be curved out-of-plane since its projections in each of 62
two orthogonal observation planes are both curved, whereas in fact its curvature is completely 63
contained within a third plane which lies at an angle to the two observation planes. 64
Compression of such a column would not generate torques, only in-plane bending moments. 65
Perdriolle et al17 suggest that the scoliotic spine is a true out-of-plane curve however, since 66
although local curves (thoracic or lumbar) may be approximately planar there is no single 67
plane which can contain the entire thoracolumbar spinal curve.68
69
Calculating torque for a curved column70
The magnitude of the induced torque at a particular cross-section is dependent on both the 71
applied compressive force and the relative orientation of the column’s axis at the location of 72
interest. Figure 3(a) shows the simple case of a crank handle where an applied force F creates 73
a torque about an axis. The torque T in this case is given by FrT   where r is the 74
perpendicular distance (radius) between the applied force and the axis of rotation. In Figure 75
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3(b), the geometry is a more complex out-of-plane curved column (analogous to a scoliotic 76
spine), and vector algebra can be used to calculate the torque.77
78
In Figure 3(b), we define the xy plane as the transverse plane, the yz plane as the coronal 79
plane, and the xz plane as the sagittal plane. Point P is the location on the spinal column axis 80
at which the torque is to be determined, â is a unit vector tangential to the spinal column axis 81
at P, Fg is a gravity force vector (0,0,-Fg) applied at point G. Note that for this example point 82
G has been located at the top of the column (representing the weight of the head and neck), 83
but in general point G will not lie on the column axis. The displacement vector r is given by 84
PGr  , and the total moment Mp induced by force Fg about point P is given by the vector 85
cross product86
87
gp FrM  [1]88
89
The three components of the total moment vector represent bending moments in the coronal, 90
sagittal and transverse planes respectively, denoted by Mcor, Msag and Mtrans. Note that 91
Mtrans=0 since a vertical (gravitational) force induces no moment in the transverse plane. 92
Once the total moment Mp about point P has been determined, the induced torque Tp is given 93
by the projection of the total moment vector onto the tangent axis at point P94
95
aM ˆ ppT [2]96
97
Since the tangent vector â is defined as superior-positive, a positive value of Tp will tend to 98
rotate the spine anticlockwise (viewed from above), whereas negative torques will tend to 99
rotate clockwise. 100
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101
Distributed gravitational loading102
The preceding discussion applies to a single vector Fg acting at point G. In reality however, 103
the gravitational forces acting on a spinal column are better expressed as the sum of a number 104
of gravity force vectors fg acting at the centre of gravity of various body segments in the 105
thorax and head/neck. For an arbitrary number of gravitational force vectors, the overall 106
torque Tp about point P is simply given by summation of the individual torques tp induced by 107
each body segment gravity vector 108
109
 pP tT [3]110
111
Relationship between torque and rotation112
The static equilibrium approach just described allows exact determination of the bending and 113
torsional reaction moments induced by gravitational forces for any given column geometry 114
and weight distribution. If the spinal column geometry can be measured from standing images 115
and the weight distribution can be measured or approximated, then the gravity-induced torque116
profile along the entire length of the spine can be predicted. Predicting the response of the 117
spinal column to these torques is much more complex however. The torque is resisted by both 118
passive (bone, discs, facets, ligaments) and active (muscle) spinal structures, and the load-119
bearing contributions of each of these structures is difficult to determine due to the complex 120
geometry and material properties. Further, the response of the column to torques will be time 121
dependent, with both short term (recoverable elastic deformation) and long term (permanent 122
plastic deformation due to bone growth and remodelling) components. Despite these 123
uncertainties, it is reasonable to assume that some proportional relationship exists between 124
torque and rotation, ie the higher the applied torque, the greater the vertebral rotation. Since 125
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we are interested in the relationship between gravity-induced torque and intravertebral (within 126
the bone) rotation, this may be expressed as127
128
pp Tθ  [4]129
130
Where p is the intravertebral rotation occurring within the vertebra at point P, and Tp is the 131
gravity-induced torque at the same point. Both of these quantities will vary with position 132
along the spine, but if the proportional relationship holds, the shape of the torque and rotation 133
profiles should be similar.134
135
Materials and Methods136
Spinal curve geometry and intravertebral rotations were measured for a group of eight 137
idiopathic scoliosis patients to apply and test the gravity-induced torque theory. Spinal 138
curvature was measured using pre-operative coronal and sagittal standing clinical 139
radiographs. The three-dimensional profile of the standing spine was approximated by 140
defining a curve located along the anterior edge of the vertebral canal. This approach is based 141
on a recent study by Petit et al18 who located instantaneous centres of rotation (ICRs) of the 142
scoliotic spine in the neural canal. On coronal radiographs, landmark points at the anterior 143
edge of the canal were defined as those points bisecting the line between the innermost edges 144
of the pedicles for each vertebra. On sagittal radiographs, landmark points were defined as 145
those points at the junction between the pedicle and the vertebral body, midway between the 146
superior and inferior edges of the pedicle.  High order polynomial functions were used to fit 147
equations to the spinal canal centroid points in the sagittal (xz) and coronal (yz) planes 148
respectively, providing a continuous description of the spinal curvature in three dimensions. 149
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Figure 4 shows sagittal and coronal radiographs of the thoracolumbar spine with spinal canal 150
centroid points and curve fits to the points.151
152
Gravitational body forces in the standing posture were estimated from anthropometric data on 153
body segment masses19 and centres of gravity20. Gravitational forces on the standing spine 154
were approximated using two vectors; Fg1 representing the weight of the head and neck, and 155
Fg2 representing the weight of the arms and torso (excluding the pelvis) above the location 156
where torque was to be calculated. Fg2 was assumed to increase linearly in magnitude from 157
T1 to S1, reflecting the increasing proportion of torso weight with cephalocaudal distance 158
along the spine. Table 1 gives the point of application and magnitude for the two vectors.159
160
For example, in a patient of mass 55kg, Fg1=0.085559.81=45.9N acting at the centroid of 161
the T1 superior endplate. To assess Fg2 at a location 30% of the distance along the z-axis 162
between T1 and S1, assume that 30% of the torso/arm weight acts at this level so that 163
Fg2=0.5559.810.3=80.9N.164
165
The spinal curve geometry and the gravity forces Fg1 and Fg2 were then used to determine 166
vectors r and â (in Figure 3b) and equations [1] and [2] were solved for the torque distribution 167
along the spinal curve. The torque contributions from the head & neck and torso gravity 168
vectors were combined using equation [3] to yield the total gravity-induced torque profile 169
along the thoracolumbar spine.170
171
Low dose pre-operative thoracolumbar CT scans of the same patients (who had previously 172
undergone a single clinically indicated pre-operative CT scan for endoscopic surgery 173
planning) were then used to measure vertebral rotation using Aaro’s technique21 from levels 174
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T1 to S1. Rotation was measured using reformatted CT slices through the plane of each 175
vertebral endplate, thus avoiding angulation errors associated with the use of transverse CT 176
slices14,22. Rotations were normalised relative to the rotation of the L5 inferior endplate in 177
each case. Each rotation measurement was repeated by three observers on three separate 178
occasions for a total of nine manual measurements per endplate.179
180
The relative rotation between superior and inferior endplates of each vertebra is a measure of 181
the torsional deformation in the bone, and is referred to as intravertebral rotation. Due to the 182
high variance of vertebral rotation measurements relative to the small angles being measured, 183
a 6th order polynomial smoothing function was applied to each patients’ vertebral rotation 184
profile prior to calculation of intravertebral rotations. The smoothing functions provided an 185
excellent fit to the measured rotation profiles (mean R2=0.95). Intravertebral rotations were 186
then calculated as the difference in rotation between superior and inferior endplates of each 187
vertebra, and compared with gravity-induced torque profiles to investigate the hypothesis that 188
bone growth under gravity-induced torque is responsible for vertebral rotation in idiopathic 189
scoliosis. To attempt to quantify the relationship, least squares linear regression was 190
performed between torque and intravertebral rotation for each patient over vertebral levels T1 191
to T12.192
193
Results194
Figure 5 shows vertebral rotation versus endplate number along the length of the spine for 195
each patient (endplates are numbered in a supero-inferior direction with T1 superior endplate 196
as number 1). The error bars in Figure 5 correspond to 1 standard deviation of the rotation 197
measurements (n=9) for each endplate, and the smoothing polynomials and corresponding R2198
values for each patient are shown. Figure 6 shows a comparison of intravertebral (within the 199
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bone) rotation and gravity-induced torque profiles for the entire thoracolumbar spine for each 200
patient in the group. Table 2 gives demographics and scoliosis curve details including the 201
Lenke classification23 for each patient. Table 3 gives the coefficient of determination and 202
significance level for the regression analysis performed on each patient.203
204
 Discussion205
For all of the patients shown in Figure 6, strong qualitative agreement is apparent between the 206
shape of the intravertebral rotation profile and the shape of the gravity-induced torque profile 207
along the length of the spine, supporting the hypothesis that gravity-induced torques are a 208
driving force for vertebral rotation during skeletal growth in idiopathic scoliosis. The 209
regressions between torque and rotation were statistically significant for all eight patients, and 210
the mean coefficient of determination of 76% (range 56-94%) in Table 3 implies that gravity-211
induced torques account for three quarters of the variability in intravertebral rotation within 212
the thoracic spines of idiopathic scoliosis patients. The regression analysis therefore lends213
quantitative support to our hypothesis.214
215
Figure 6 shows that gravity-induced torques as high as 7.5Nm can act on the spines of 216
idiopathic patients due to static body weight in the standing position (although the typical 217
maximum seems closer to 4-5Nm based on this patient group). Maximum intravertebral 218
rotations (for a single vertebra) were in the 3-4 range, and these tended to occur at the lower 219
end of the thoracic major curve. The rotation measurements confirm the finding of previous 220
authors that maximum intravertebral rotations occur at the ends of a scoliotic curve (with little 221
relative rotation at the apex), and this finding would be expected based on the shape of the 222
calculated gravity-induced torque profiles. The rotation measurements also confirm the 223
Gravity-induced torque and intravertebral rotation in scoliosis
10
observation of Birchall et al14 that a significant proportion of total vertebral rotation in 224
idiopathic scoliosis can occur in the bone.225
226
The locations of each coronal curve apex were also indicated in Figure 6. The differences in 227
level between coronal and transverse apex locations in Figure 5 (from 0-2 levels) are similar 228
to those reported by Acaroglu et al15. For seven of the eight patients, gravity-induced torque at 229
the coronal apex was positive (Figure 6), providing a potential biomechanical explanation for 230
Millner & Dickson’s observation of local vertebral counter-rotation at the apex7.231
232
Examination of Figure 6 shows that the gravity-induced torque profiles for Patients 2 and 6 233
appear to be ‘out of phase’ with the measured vertebral rotations, and also that predicted 234
torques in the upper thoracic region (T1-T3) do not seem to explain the observed levels of 235
intravertebral rotation at these levels for several of the patients. These discrepancies may be 236
due to the simplified gravity loading applied in the study, in particular the assumption that the 237
line of action of torso weight remains in the mid-sagittal plane vertically above the sacral 238
promontory. A more realistic torso weight distribution based on existing body segment mass 239
determination techniques24 may improve the torque curve profile in this region. Further, the 240
standing position in the radiographs (with arms raised) will alter the spinal geometry 241
somewhat from ‘relaxed standing’.242
243
In the lumbar region, muscle forces acting to keep the spine in an upright posture apply 244
additional internal compressive forces to the spine. These internal forces may generate 245
additional torques, although the torque would be a consequence of compression on a three-246
dimensionally curved column rather than direct muscle action25. The effects of these internal 247
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muscle forces are not included in this analysis, and may substantially alter torque profiles in 248
the lumbar region from those derived in this analysis.249
250
The theoretical considerations introduced in this study clearly indicate that the spine must be 251
curved in three-dimensions (out of plane) to produce gravity-induced torques, and therefore 252
that vertebral rotation would be expected to occur subsequent to an initial lateral deviation, 253
suggesting that coronal curvature precedes vertebral rotation in idiopathic scoliosis. This 254
supports the findings of Villemure et al12, whose finite element model showed that initial 255
rotational perturbations did not cause progressive scoliosis, but that initial sagittal 256
perturbations led to increasing rotation towards the convexity of the curve.257
258
Gravitational body weight forces in the upright posture are the primary sustained loads 259
experienced by the spine. As already mentioned, predicting the response of spinal tissues to 260
gravity-induced torques is difficult, however we suggest that in the same manner as the 261
Heuter-Volkmann principle describes modulation of epiphyseal growth by compressive loads, 262
gravity-induced torques may modulate intravertebral rotation. Little is known about the effect 263
of shear stress on vertebral growth, and further exploration of this area is required.264
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Figure Legends265
Figure 1. Transverse plane deformity in idiopathic scoliosis.266
Figure 2. Column-like structures under compressive load. (a) Simple column, (b) Curved in-267
plane, (c) Curved out-of-plane (3D).268
Figure 3. Torque applied to (a) a simple crank, (b) a curved column - by an applied force.269
Figure 4. Sagittal and coronal standing radiographs showing spinal canal curves.270
Figure 5. Total rotation (relative to scanner bed) versus endplate number (T1 superior 271
endplate is level 1, L5 inferior endplate is level 34) for the eight patients in the study, with 1 272
standard deviation error bars for manual rotation measurements (n=9) and polynomial lines of 273
best fit (R2 values shown on each graph).274
Figure 6. Comparison of gravity-induced torque and intravertebral rotation versus vertebral 275
level for each of the eight patients in the study. The location of the coronal curve apex is 276
shown on each graph.277
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Table 1. Gravity vector magnitudes and locations
Vector Body segments Location % body weight
Fg1 Head & neck Centroid of T1 superior endplate 8.1
Fg2 Torso & arms 
(excluding pelvis)
Vertically above sacral promontory 
(anterior edge of sacral endplate)
45.5
(scaled between T1 and S1)
Tables
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Table 2. Patient demographics and curve details
Patient Age Weight Height Major 
Cobb
Lenke 
Class
Coronal 
Apex
Major 
curve
1 27 45kg 151cm 45 1AN T9 T6-T12
2 13 42kg 154cm 60 1A- T9 T5-T12
3 10 43kg 151cm 45 1CN T7/T8 T4-T10
4 13 45kg 153cm 58 1AN T9 T6-T12
5 13 53kg 157cm 47 1AN T8 T4-T12
6 14 42kg 158cm 52 1AN T9 T6-T12
7 16.5 48kg 160cm 51 1AN T9 T5-T12
8 14 65kg 159cm 58 1AN T8 T5-T11
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Table 3. Coefficient of determination and significance level for regression analysis of
gravity-induced torque versus intravertebral rotation for each patient (thoracic vertebral 
levels)
Patient Coefficient of determination Significance
1 R2=0.70 P=0.0006*
2 R2=0.56 P=0.0053*
3 R2=0.62 P=0.0023*
4 R2=0.76 P=0.0002*
5 R2=0.81 P=6.98E-5*
6 R2=0.84 P=2.40E-5*
7 R2=0.86 P=1.64E-5*
8 R2=0.94 P=1.76E-7*
* denotes significant regressions (P<0.05)
Overall rotation
Local counter-
rotation
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